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FIG. 6
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FIG. 8
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FIG. 9
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1
SEMICONDUCTOR DEVICE AND
SEMICONDUCTOR DEVICE
MANUFACTURING METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of International Appli-
cation No. PCT/JIP2012/072822, filed on Sep. 6, 2012, which
is based on and claims priority to Japanese Patent Application
No. JP 2011-195969, filed on Sep. 8, 2011. The disclosure of
the Japanese priority application and the PCT application in
their entirety, including the drawings, claims, and the speci-
fication thereof, are incorporated herein by reference.

BACKGROUND

1. Field of the Invention

Embodiments of the invention relate to semiconductor
devices and semiconductor device manufacturing methods.

2. Related Art

Although power diodes are utilized in various applications,
in recent years they are being used in high frequency circuits
for power, and the like, and there is a strong demand for high
speed, low loss (low V{ (forward voltage drop)), and low Err
(reverse recovery loss). Furthermore, there is a strong
demand for soft recovery characteristics with an object of, as
well as obtaining high speed and low loss, suppressing radia-
tion noise. Hereafter, a description will be given of a p-i-n
(p-intrinsic-n) diode structuring method.

FIGS. 9(a)-9(f) are sectional views showing conditions
partway through the manufacture of a heretofore known
semiconductor device. Firstly, there is prepared a low resis-
tivity (approximately 20 mQcm) n-type semiconductor sub-
strate (an antimony-doped substrate) with a thickness of 625
um, doped with antimony (Sb). This n-type semiconductor
substrate is an n-type cathode layer 51. Next, there is fabri-
cated a wafer wherein an n-type epitaxial layer 100 with a
thickness of 60 um and a resistivity of 20 Qcm is formed by
being epitaxially grown on the semiconductor substrate while
doping with phosphorus (P) (FIG. 9(a)).

Next, an implantation of boron (B) ions into the front
surface (the surface on the n-type epitaxial layer 100 side) of
the wafer is carried out to a dose of 7.0x10"%/cm?, after which
heat treatment is carried out at a temperature of 1,150° C., by
doing which a p-type anode layer 53 is selectively formed in
a surface layer of the n-type epitaxial layer 100 (FIG. 9(b).
The n-type epitaxial layer 100 sandwiched between the
p-type anode layer 53 and n-type cathode layer 51 becomes an
n~ type drift layer 52.

Next, a grinding and etching 68 of the back surface (the
surface on the n-type cathode layer 51 side) is carried out until
the total thickness of the wafer is, for example, 300 um (FIG.
9(c)). Next, after an ion implantation 69 of arsenic (As) is
carried into the back surface of the wafer on which the grind-
ing and etching 68 has been carried out in order to ensure
good ohmic contact, heat treatment is carried out at a tem-
perature of 1,000° C. or more, thus forming an n-type contact
layer 54 in the ground back surface of the wafer (FIG. 9(d)).

Next, an anode electrode 55 is formed of aluminum (Al) or
the like on the wafer front surface (FIG. 9(e)). Subsequently,
a cathode electrode 56 is deposited by vapor deposition, or the
like, on the wafer back surface (FIG. 9(f)), thereby complet-
ing the heretofore known p-i-n diode. Reference sign 57 in the
drawing is an interlayer dielectric that isolates the anode
electrode 55 and n-type epitaxial layer 100 with an edge
termination structure region. This kind of heretofore known
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diode structure and manufacturing method are proposed in,
for example, Japanese Patent Application Publication No.
JP-A-2004-39842.

Also, as a method of realizing ohmic contact between a
semiconductor substrate (wafer) and metal electrode, there
has been proposed a method whereby, after the thickness of
the semiconductor substrate is reduced by etching or the like,
an impurity of the same conductivity as the semiconductor
substrate is ion implanted, and a high concentration layer
formed in the semiconductor substrate surface by activating
the impurity by heat treatment at in the region of 800° C., thus
obtaining good ohmic contact. See, for example, Japanese
Patent Application Publication No. JP-A-49-22080 (also
referred to herein “PTL 27).

Also, as another method, there has been proposed a method
whereby a low temperature heat treatment is carried out in
order to avoid an adverse effect of a high temperature heat
treatment on a semiconductor substrate front surface side
device structure. See, for example, Japanese Patent Applica-
tion Publication No. JP-A-4-214671 (also referred to herein
as “PTL 37). In PTL 3, after an ion implantation is carried out
into the semiconductor substrate back surface, a titanium (1)
layer, of a plurality of metal layers stacked as a back surface
electrode, is deposited first, and the remainder of the metal
layers that form the back surface electrode are deposited after
aheat treatment is carried out at a low temperature of 400° C.
or less for a short time of 30 minutes or less. It is disclosed that
at this time, in the case of an n-type silicon substrate, the
impurity ion-implanted into the substrate back surface is
arsenic (As).

Also, as another method, there is proposed a method
whereby an n-type impurity with which a low resistivity
n-type semiconductor substrate is doped is arsenic. See, for
example, Japanese Patent Application Publication No. JP-A-
2000-58867 (also referred to herein as “PTL 47). By adopting
an arsenic-doped n-type semiconductor substrate (an arsenic-
doped substrate), as in PTL 4, it is possible for the n-type
impurity concentration of the n-type semiconductor substrate
to be 1.0x10"%/cm® or more. This is because the solid solu-
bility of arsenic is higher than the solid solubility of antimony.
As the impurity concentration of the arsenic-doped substrate
is high enough that ohmic contact with a metal electrode is
possible in this way, it is possible to form a back surface
electrode on the substrate itself, without forming a high con-
centration impurity layer using an ion implantation, or the
like.

In recent years, there has been a strong demand for high
reliability, meaning an improvement in heat cycle tolerance,
in power devices, and there is a demand for chips to be thinner
than to date in order to realize high reliability. Furthermore,
along with a reduction in wafer thickness in order for chips to
be thinner than to date, there has been an increase in wafer
size in order to reduce cost, because of which there is a large
problem of reducing the rate of crack defects caused by the
reduction in wafer thickness. In order to suppress cracking of
wafers reduced in thickness without large equipment invest-
ment, the degree to which the number of processing steps
after reducing the wafer thickness can be reduced is impor-
tant.

The heretofore known p-i-n diode manufacturing method
shown in FIG. 9 is such that the thickness is reduced by
grinding the wafer back surface and, after arsenic is ion
implanted into the ground back surface of the wafer and a
high temperature heat treatment is carried out, the front sur-
face element structure, including the front surface electrode,
and the back surface electrode are formed. This method is
such that, as the step of forming the front surface element
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structure and the step of forming the back surface electrode
are carried out with the wafer in a thin state, it is difficult to
handle (convey) the wafer so as to avoid cracking of the wafer,
scratching of the front surface and back surface, and the like,
and there is a problem in that the yield rate decreases. Also,
when forming the n-type contact layer 54 on the wafer back
surface, it is necessary to carry out the heat treatment after the
arsenic ion implantation at a temperature of in the region of
1,000° C., and wafer warpage is liable to occur. Flatness of the
wafer front surface is lost due to the warpage, and there is a
problem in that patterning of the front surface electrode for-
mation, and the like, in a subsequent step is difficult.

Also, as previously described, problems with an antimony-
doped substrate are that the solid solubility is low, the resis-
tivity is high compared with the resistivity of an arsenic-
doped substrate, contact resistance with the cathode electrode
increases because of the high resistivity, and there is an
increase in variation of contact resistance with the cathode
electrode. A method whereby, after the thickness of the semi-
conductor substrate is reduced, an impurity (phosphorus)
introduced into the wafer back surface by a high concentra-
tion ion implantation is subjected to a heat treatment at a high
temperature of 800° C. or more, thereby forming a high
concentration layer in order to obtain ohmic contact, as in
PTL 2, is feasible as a method of eliminating these problems.

However, the kind of method in PTL 2 is such that, as the
melting point of aluminum, which is commonly used as the
front surface electrode, is in the region of 660° C., a large
number of steps, such as an aluminum film formation and a
photo etching, are carried out with the wafer in a state of
reduced thickness. As a result of this, the frequency of
mechanical stress exerted by a wafer chuck, or the like,
increases, and a new problem occurs in that the probability of
the wafer cracking becomes extremely high.

Meanwhile, when a high concentration of phosphorus is
ion implanted into a semiconductor substrate, a large number
of defects remain in the implantation surface and, depending
on the implantation dose, it may happen that the ion implan-
tation layer becomes amorphous. However, when the heat
treatment temperature is lower than 800° C., as in PTL 3, the
crystallization of the ion implantation layer does not recover,
and alarge number of defects remain. When a large number of
defects remain and crystallization does not recover in this
way, the introduced impurity is not electrically activated.
Because of this, the resistance of the contact with the elec-
trode increases, and there is a problem in that the forward
voltage drop of the diode increases.

When using an arsenic-doped substrate rather than an anti-
mony-doped substrate, as in PTL 4, there is no need to form
a high concentration impurity layer on the cathode side and,
after all of the front surface element structure, such as the
front surface electrode formation, is formed, it is possible to
form the cathode electrode immediately after the thickness of
the wafer is reduced. Consequently, the only step carried out
on the wafer reduced in thickness is the step of forming the
back surface electrode, which is advantageous in preventing
cracking of the wafer. However, there is a problem in that an
arsenic-doped substrate is generally more expensive than an
antimony-doped substrate. Furthermore, a wafer wherein an
n-type epitaxial layer is formed on an arsenic-doped substrate
is such that the in-plane resistance value of the wafer is liable
to vary due to auto-doping from the arsenic-doped substrate
during epitaxial growth, and there is a problem in that the
device characteristics vary.

SUMMARY OF THE INVENTION

Embodiments of the invention, in order to address hereto-
fore described problems with the heretofore known technol-
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ogy, provide a semiconductor device and semiconductor
device manufacturing method such that it is possible to
reduce wafer cracking during the manufacturing process, and
to ensure good ohmic contact between a semiconductor layer
and a metal electrode.

A semiconductor device according to embodiments of the
invention has the following characteristics. A first conductiv-
ity type contact layer with a concentration higher than that of
a first conductivity type semiconductor substrate is provided
on the back surface of the semiconductor substrate. A first
electrode is provided in contact with the contact layer. The
contact layer is doped with phosphorus. The maximum car-
rier concentration of the contact layer is greater than 1.0x
10*%/cm? and less than 5.0x10"°/cm>. The diffusion depth of
the contact layer from the interface with the first electrode
into the semiconductor substrate is 0.5 um or less.

Also, it is good when the semiconductor device according
to the invention is such that the maximum carrier concentra-
tion of the contact layer is greater than 3.0x10'%/cm?® and less
than 1.0x10"*/cm>. Also, it is good when the semiconductor
device according to the invention is such that the semicon-
ductor substrate is doped with antimony, and the concentra-
tion of antimony in the semiconductor substrate is 1.0x10'%/
cm or more, 3.0x10"%/cm> or less. Also, it is good when the
semiconductor device according to the invention is such that
titanium is included in a portion of the first electrode on the
side in contact with the contact layer.

Also, the semiconductor device according to embodiments
of'the invention further includes a first conductivity type drift
layer, provided on the front surface of the semiconductor
substrate, with a concentration lower than that of the semi-
conductor substrate. Further, it is good when the total of the
thickness of the drift layer and the thickness of the semicon-
ductor substrate is less than 300 um.

Also, the semiconductor device according to embodiments
of the invention is such that a second conductivity type base
region is provided in a surface layer on the side of the drift
layer opposite to that of the semiconductor substrate. A sec-
ond electrode electrically connected to the base region may be
provided.

Also, the semiconductor device according to embodiments
of the invention is such that a first conductivity type source
region with a concentration higher than that of the drift layer
is provided inside the base region. A gate electrode may be
provided across a dielectric on a portion of the surface of the
drift layer sandwiched by the source region and base region.

Also, in order to address some of the heretofore described
problems, a semiconductor device manufacturing method
according to embodiments of the invention has the following
characteristics. Firstly, a step of grinding the back surface of
a first conductivity type semiconductor substrate formed by
being doped with antimony, thereby reducing the thickness of
the semiconductor substrate, is carried out. Next, a step of ion
implanting a first conductivity type impurity into the ground
back surface of the semiconductor substrate is carried out.
Next, a step of activating the first conductivity type impurity
implanted into the semiconductor substrate by carrying out a
heat treatment for 30 minutes or more at a temperature of 340°
C. or more, 500° C. or less, thereby forming a first conduc-
tivity type contact layer in a surface layer of the back surface
of'the semiconductor substrate, is carried out. Next, a step of
forming a first electrode in contact with the contact layer is
carried out.

Also, it is good when the semiconductor device manufac-
turing method according to the invention is such that the first
conductivity type impurity is phosphorus. Also, it is good
when the semiconductor device manufacturing method
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according to the invention is such that the dose of the ion
implantation first conductivity type impurity is 4.0x10"*/cm?
or more, 5.6x10"*/cm? or less.

Also, it is good when the semiconductor device manufac-
turing method according to the invention is such that, when
taking the heat treatment temperature to be x (° C.) and the
dose of the first conductivity type impurity to be y (/fem?),
y=-5.7x10"%+2.012x10"*x is satisfied, and 0.9y=x=l.ly is
satisfied.

Also, it is good when the semiconductor device manufac-
turing method according to the invention is such that the
acceleration energy of the ion implantation is 5 keV or more,
50 keV or less. Also, it is good when the semiconductor
device manufacturing method according to the invention is
such that the first electrode includes titanium.

Also, the semiconductor device manufacturing method
according to embodiments of the invention is such that a step
of epitaxially growing a first conductivity type drift layer with
a concentration lower than that of the semiconductor sub-
strate on the front surface of the semiconductor substrate is
carried out before grinding the back surface of the semicon-
ductor substrate. Further, it is good when the total of the
thickness of the drift layer and the thickness of the semicon-
ductor substrate after grinding the semiconductor substrate is
less than 300 pum.

Also, the semiconductor device manufacturing method
according to embodiments of the invention is such that a step
of'forming a second conductivity type base region in a surface
layer on the side of the drift layer opposite to that of the
semiconductor substrate is carried out after forming the drift
layer and before grinding the semiconductor substrate. Next,
it is good when a step of forming a second electrode electri-
cally connected to the base region is carried out.

A point regarding the configuration of the semiconductor
device of embodiments of the invention is the first conduc-
tivity type contact layer formed on the back surface of the first
conductivity type semiconductor substrate and having the
three characteristics shown in (1) to (3) below. (1) The first
conductivity type contact layer is doped with phosphorus and,
without allowing complete recrystallization, lattice defects
are allowed to remain. (2) The maximum carrier concentra-
tion of the first conductivity type contact layer is greater than
1.0x10'%/cm?, and less than 5.0x10'°/cm>. (3) The diffusion
depth from the lower surface of the first conductivity type
contact layer (the interface with the first electrode) into the
first conductivity type semiconductor substrate is 0.5 pm or
less.

Also, a point of the semiconductor device manufacturing
method of the invention is that the step of carrying out a heat
treatment on the first conductivity type impurity ion
implanted in order to form the first conductivity type contact
layer is carried out at a temperature of 340° C. or more, 500°
C. or less.

Consequently, according to embodiments of the invention,
it is possible, by employing a first conductivity type contact
layer having the characteristics of (1) to (3) above, for the
contact between a first conductivity type contact layer and
first electrode to be a low-resistance ohmic contact equivalent
to that when carrying out heat treatment at a high temperature
(800° C. or higher), even when carrying out heat treatment on
an ion implanted first conductivity type impurity at a low
temperature of 500° C. or lower.

Also, according to embodiments of the invention, it is
possible to bring the first conductivity type contact layer and
first electrode into ohmic contact with a heat treatment at a
low temperature of 500° C. or lower, because of which, it is
possible to form a front surface element structure on the front
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surface of the first conductivity type semiconductor substrate
before reducing the thickness by grinding the back surface of
the first conductivity type semiconductor substrate. Because
of'this, it is possible to reduce the number of processing steps
after reducing the thickness of the first conductivity type
semiconductor substrate. Consequently, it is possible to
reduce processes of handling (conveying) the first conductiv-
ity type semiconductor substrate (wafer) to each manufactur-
ing step during the manufacturing process.

As heretofore described, according to embodiments of the
invention, it is possible to provide a semiconductor device and
semiconductor device manufacturing method such that it is
possible to reduce wafer cracking during the manufacturing
process, and to ensure good ohmic contact between a semi-
conductor layer and a metal electrode.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a sectional view showing a main portion of a
semiconductor device according to Embodiment 1 of the
invention;

FIGS. 2(a)-2(f) are sectional views showing conditions
partway through the manufacture of the semiconductor
device according to Embodiment 1 of the invention;

FIG. 3 is a characteristic diagram showing the relationship
between the forward voltage characteristics of the semicon-
ductor device and the back surface phosphorus ion implanta-
tion dose according to Example 1 of the invention;

FIG. 4 is a characteristic diagram showing the relationship
between the forward voltage characteristics of the semicon-
ductor device and the back surface contact heat treatment
temperature according to Example 2 of the invention;

FIG. 5 is a characteristic diagram showing the relationship
between the back surface phosphorus ion implantation dose
with the semiconductor device manufacturing method and
the back surface contact heat treatment temperature accord-
ing to Example 3 of the invention;

FIGS. 6(a) and 6(b) are a characteristic diagram showing
the back surface carrier concentration distribution of the
semiconductor device according to Example 4 of the inven-
tion;

FIG. 7 is a characteristic diagram showing the relationship
between the forward voltage characteristics of the semicon-
ductor device and the back surface contact heat treatment
time according to Example 5 of the invention;

FIG. 8 is a sectional view showing a main portion of a
semiconductor device according to Embodiment 2 of the
invention; and

FIGS. 9(a)-9(f) are sectional views showing conditions
partway through the manufacture of a heretofore known
semiconductor device.

DETAILED DESCRIPTION

Hereafter, referring to the attached drawings, a detailed
description will be given of preferred embodiments of a semi-
conductor and semiconductor manufacturing method accord-
ing to the invention. In the description and attached drawings,
alayer or region being prefixed by n or p means that electrons
or holes respectively are majority carriers. Also, + or — being
added to n or p means that there is a higher impurity concen-
tration or lower impurity concentration respectively than in a
layer or region to which n or p is not added. The same refer-
ence signs are given to the same configurations in the follow-
ing embodiment descriptions and attached drawings, and a
redundant description is omitted.
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Also, in each embodiment, a description is given with a
first conductivity type as an n-type and a second conductivity
type as a p-type, but the first conductivity type may also be a
p-type and the second conductivity type an n-type. Also, the
expressions device, element, and chip or semiconductor chip
are also used in the invention, but they all indicate the same
subject. Also, a wafer in the description is a silicon substrate
before being fragmented into chips. Also, the front surface of
a silicon substrate is also written as the upper surface, and the
back surface as the lower surface. A semiconductor is not
limited to silicon. Also, a front surface electrode is formed on
a semiconductor chip, and a region through which current
flows when in an on-state is taken to be an “active region”.
Also, a structural portion, which is a portion from an end
portion of the active region to an outer peripheral end portion
of the chip enclosing the active region, that alleviates chip
surface electrical field intensity generated when voltage is
applied to an element formed on the chip is taken to be a “edge
termination structure region”.

Embodiment 1

A description will be given of the structure of a semicon-
ductor device according to Embodiment 1, with a diode as an
example. FIG. 1is a sectional view showing a main portion of
the semiconductor device according to Embodiment 1 of the
invention. As shown in FIG. 1, the diode according to
Embodiment 1 is such that an n-type epitaxial layer 10 is
formed on the upper surface of an n-type semiconductor
substrate (an n-type cathode layer 1) formed by doping with
a high concentration of antimony. The semiconductor sub-
strate is mainly a single-crystal silicon substrate manufac-
tured using the Czochralski (CZ) process.

The impurity concentration of the antimony (Sb) with
which the silicon substrate is doped is a high concentration of
in the region of 1.0x10'%cm?® or more, 3.0x10*%/cm? or less,
which is the solid solubility in the vicinity of the melting
temperature (1,414° C.) of silicon. This kind of substrate
doped with a high concentration of antimony is preferable, as
the diode has a low resistance and low forward voltage. Also,
the n-type epitaxial layer 10 forms an n™ type drift layer 2. The
impurity concentration of the n~ type drift layer 2 is lower
than the impurity concentration of the n-type cathode layer 1.
When a reverse bias voltage is applied to the diode, a deple-
tion layer spreads inside the n~ type drift layer 2.

An active region 23, which is a region through which a
main current is caused to flow, and a edge termination struc-
ture region 24 for alleviating the electrical field intensity of
the depletion layer are formed on a surface (the surface on the
side opposite to the n-type cathode layer 1 side) of the n™ type
drift layer 2. The edge termination structure region 24
encloses the outer periphery of the active region 23. A p-type
anode layer 3 (also called a p-type base layer) of a concen-
tration higher than that of the n™ type drift layer 2 is formed in
the surface of the active region 23. A p-n junction is formed
between the p-type anode layer 3 and n”~ type drift layer 2. An
anode electrode 5 is formed on the surface of the p-type anode
layer 3, ohmically connected to the p-type anode layer 3.

The structure may also be such that the p-type anode layer
3 is selectively formed in the surface of the active region 23,
so that the n™ type drift layer 2 and anode electrode 5 are in
Schottky contact in a region of the active region 23 surface in
which the p-type anode layer 3 is not formed. An interlayer
dielectric 7, a p-type guard ring layer 11, and a field plate 12
connected to the p-type guard ring layer 11 are formed on the
surface of the edge termination structure region 24. A here-
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tofore known RESUREF structure may be formed on the edge
termination structure region 24 instead of the guard ring
structure.

A passivation film 20 is formed on the surface of then™ type
drift layer 2 so as to reach from the edge termination structure
region 24 to an end portion of the active region 23. A hereto-
fore known resin film such as a polyimide, a silicon nitride
film, a silicon oxide film, or the like, is used as the passivation
film 20. Meanwhile, an n-type contact layer 4 is formed with
an impurity concentration equivalent to or greater than that of
the n-type cathode layer 1 on the lower surface (the surface on
the side opposite to the n~ type drift layer 2 side) of the n-type
cathode layer 1, and a cathode electrode 6 is formed so as to
be in ohmic contact with the n-type contact layer 4.

An important point regarding the configuration of the
diode according to Embodiment 1 is the n-type contact layer
4, with the n-type contact layer 4 having the three character-
istics shown in (1) to (3) below. (1) The n-type contact layer
4 is doped with phosphorus (P) and, without allowing com-
plete recrystallization, lattice defects (mainly point defects)
are allowed to remain. (2) The maximum carrier concentra-
tion of the n-type contact layer 4 is greater than 1.0x10"%/cm?,
and less than 5.0x10'/cm>. (3) The diffusion depth from the
lower surface of the n-type contact layer 4 (the interface with
the cathode electrode) into the n-type cathode layer 1 is 0.5
pum or less.

By adopting the n-type contact layer 4 having the three
characteristics of the heretofore described (1) to (3), the
invention is such that, even though the phosphorus ion-im-
planted in order to form the n-type contact layer 4 is subjected
to heat treatment (a back surface contact heat treatment to be
described hereafter) at a low temperature of 500° C. or less, it
is possible to form a diode with a low resistance in the region
of'that when carrying out heat treatment at a high temperature
(800° C. or more). In particular, effects of the reduction in
resistance obtained because of the three characteristics of the
heretofore described (1) to (3) are peculiar effects not seen in
heretofore known technology. Peculiar operational effects
owing to the three characteristics of the heretofore described
(1) to (3) are described in Examples 1 to 5, to be described
hereafter.

Next, using FIG. 2, a description will be given of a diode
manufacturing method according to Embodiment 1. FIG. 2 is
sectional views showing conditions partway through the
manufacture of the semiconductor device according to
Embodiment 1 of the invention. Firstly, there is prepared an
n-type low resistivity (approximately 20 mQcm) CZ silicon
substrate with a thickness of 625 um, doped with antimony
(Sb) roughly to solid solubility, fabricated using the CZ pro-
cess. This silicon substrate is the n-type cathode layer 1.
Mirror finishing is carried out by polishing the surface of the
silicon substrate, and there is fabricated a wafer wherein the
20 Qcm n-type epitaxial layer 10 with a thickness of 60 um is
formed by being epitaxially grown on the mirror-finished
silicon substrate surface while doping with phosphorus (FIG.
2(a)).

Next, an implantation of boron ions into the front surface
(the surface on the n-type epitaxial layer 10 side) of the wafer
is carried out to a dose of 7.0x10'%/cm?, after which heat
treatment is carried out at 1,150° C., by doing which the
p-type anode layer 3 is formed in a surface layer of the wafer
front surface in the active region 23 (FIG. 2(4). The n-type
epitaxial layer 10 sandwiched between the p-type anode layer
3 and n-type cathode layer 1 becomes the n~ type drift layer 2.
Next, the anode electrode 5 is formed of a metal film includ-
ing aluminum on the surface of the p-type anode layer 3 (FIG.
2(c)). Subsequently, a grinding and etching 18 of the back
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surface (the surface on the n-type cathode layer 1 side) of the
wafer is carried out so that the remaining total thickness of the
wafer is, for example, 200 um (FIG. 2(d)).

Next, an ion implantation 19 of, for example, phosphorus
(hereafter referred to as a back surface phosphorus ion
implantation) is carried out to a dose of 4.0x10"%/cm?® to
5.6x10"*/cm? into the back surface of the wafer on which the
grinding and etching 18 has been carried out, using an accel-
eration energy of 5 keV or more, 50 keV or less (FIG. 2(e)).
Next, heat treatment is carried out at a temperature of 340° C.
or more, 500° C. or less, thus forming the n-type contact layer
4 in a surface layer of the wafer back surface. The heat
treatment when forming the n-type contact layer 4 will here-
after be referred to as the “back surface contact heat treat-
ment”. The formation of the low resistance n-type contact
layer 4 is possible provided that the acceleration energy of the
back surface phosphorus ion implantation 19 is within the
above-mentioned range. Also, by the back surface contact
heat treatment being carried out in the above-mentioned tem-
perature range, with the dose of the back surface phosphorus
ion implantation 19 in the above-mentioned range, it is pos-
sible to form the n-type contact layer 4 having the three
characteristics of the invention indicated in the previously
described (1) to (3).

Next, the diode according to Embodiment 1 shown in FIG.
1 is completed by the cathode electrode 6 being formed by
evaporation coating of a titanium (Ti) film on the n-type
contact layer 4, thus ensuring the ohmic contact of the cath-
ode electrode 6 and n-type contact layer 4 (FIG. 2(f)). Tita-
nium, which is the material configuring the cathode electrode
6, is a metal preferred as an ohmic electrode for n-type silicon
as it has high thermal stability, film formation is easy, and the
manufacturing cost is low. The cathode electrode 6 may also
be formed by evaporation coating of a nickel (Ni) film, a silver
(Ag) film, or a gold (Au) film on top of the titanium film.

It is preferable that the back surface contact heat treatment
in the formation of the n-type contact layer 4 is carried out
before the formation (deposition) of the metal films that form
the cathode electrode 6. The reason is as follows. When the
back surface contact heat treatment is carried out at a tem-
perature of in the region of 400° C. after the titanium film that
forms the cathode electrode 6 is deposited on the wafer back
surface using, for example, a evaporation coating equipment,
and a nickel film and gold film that form the cathode electrode
6 are additionally deposited on the titanium film when the
wafer temperature subsequently decreases, the nickel in the
nickel film is deposited on the gold film surface due to the heat
remaining in the wafer. When the wafer is removed from the
evaporation coating equipment in this condition, the nickel
deposited on the gold film surface oxidizes. When the oxi-
dized nickel on the gold film surface is packaged in a mold or
the like, it causes a reduction in the wettability with respect to
the cathode electrode 6 on the chip back surface of the solder
that joins the electrode plate and the cathode electrode 6 on
the chip back surface. Because of this, there is a problem in
that a void is liable to form between the solder and cathode
electrode 6. For this reason, it is preferable that the back
surface contact heat treatment in the formation of the n-type
contact layer 4 is carried out before the formation (deposi-
tion) of the metal films that form the cathode electrode 6.
Also, as nickel is also deposited on the gold film surface when
the back surface contact heat treatment is carried out after all
the metal films that form the cathode electrode 6 are deposited
on the wafer back surface, the same problem occurs as when
carrying out the back surface contact heat treatment after the
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titanium film is deposited. Consequently, it is preferable that
the back surface contact heat treatment is carried out before
the metal films are deposited.

In some embodiments, it is preferable that total of the
thickness of the n-type cathode layer 1 and the thickness of
the n~ drift layer 2 is less than 300 pm, in a range wherein the
remaining wafer thickness (total wafer thickness) when
grinding the wafer from the back surface is not less than the
thickness of the n™ drift layer 2 (that is, the n-type cathode
layer 1 remains). The reason is that the heat capacity of the
silicon substrate decreases further the thinner the chip
becomes, and heat cycle tolerance improves. Also, when also
taking a wafer crack defect into consideration, it is more
preferable still that the remaining wafer thickness is greater
than 120 um, and less than 300 pm.

Example 1

Next, a description will be given of the relationship
between the forward voltage characteristics of the semicon-
ductor device according to the invention and the dose of the
back surface phosphorus ion implantation 19. FIG. 3 is a
characteristic diagram showing the relationship between the
forward voltage characteristics of the semiconductor device
and the back surface phosphorus ion implantation dose
according to Example 1 of the invention. FIG. 3 shows the
relationship between the dose of the back surface phosphorus
ion implantation 19 and the forward voltage (V) character-
istics of the diode when the temperature of the back surface
contact heat treatment is 380° C. The definition of the forward
voltage (V1) is that it is the value of the forward voltage drop
between the anode electrode and cathode electrode when a
forward bias voltage is applied between the anode electrode
and cathode electrode of a diode chip of 5 mm both vertically
and horizontally, and the forward current is 5 amperes (A).
The current density of the forward current depends on the area
of'the active region 23, and is in the region of, for example, 30
A/cm (the same also applies in the other examples).

As heretofore known, when no n-type contact layer for
ohmic contact is formed on the back surface side of an anti-
mony-doped substrate (hereafter referred to as heretofore
known example 1), the forward voltage value (hereafter
referred to as the Vfvalue) is approximately 1.1to 1.2V (not
shown). Also, the Vfvalue when an implantation of phospho-
rus ions into the back surface of an antimony-doped substrate
is carried out and heat treatment implemented at a high tem-
perature of 800° C. or more (hereafter referred to as hereto-
fore known example 2) is approximately 0.8 V (not shown).
0.3 Vto 0.4 V, which is the difference from the Vf value of
heretofore known example 2, is the contact loss (the voltage
drop caused by the contact resistance) due to the antimony-
doped substrate in heretofore known example 1. When using
an arsenic-doped substrate too (hereafter referred to as here-
tofore known example 3), the Vf value, in the same way, is
approximately 0.8 V (not shown).

Meanwhile, from the results shown in FIG. 3, it is con-
firmed that when the dose of the back surface phosphorus ion
implantation 19 is 1.25x10'%cm? or less, the VT value is
higher than 1.0 V, and furthermore, with a dose lower than
1.0x10"*/cm?, the Vfvalue is in the region of 1.15V, which is
in the same region as the Vf value of heretofore known
example 1, in which the back surface phosphorus ion implan-
tation 19 is not carried out. The range of the dose of the back
surface phosphorus ion implantation 19 when the Vfvalue is
in the same region as the Vf value of heretofore known
example 1 in this way is referred to as region A. When the
dose of the back surface phosphorus ion implantation 19 is in
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region A, it means simply that the amount of n-type impurity
for lowering the contact resistance of the back surface of the
antimony-doped substrate is insufficient.

Conversely, when the dose of the back surface phosphorus
ion implantation 19 is 2.5x10**/cm?® or more, the VI value
rises sharply. In particular, it is confirmed that the Vfvalue is
1.3 V or higher when the dose of the back surface phosphorus
ion implantation 19 is 3.0x10*cm?, which far exceeds the
contact loss due to the antimony-doped substrate in hereto-
fore known example 1. This range of the dose of the back
surface phosphorus ion implantation 19 is referred to as
region C. When the dose of the back surface phosphorus ion
implantation 19 is in region C, Si damage occurring in the
antimony-doped substrate when the back surface phosphorus
ion implantation 19 is carried out is not recovered by heat
treatment at a temperature of 380° C., a large amount remains,
and it is presumed that, as well as contact resistance increas-
ing, this is further added to the contact loss due to the anti-
mony-doped substrate.

As opposed to this, when the dose of the back surface
phosphorus ion implantation 19 is 1.0x10'*cm® or more,
2.7x10**/cm? or less (the high dose side of region A and the
low dose side of region C), itis possible to reduce the Vfvalue
(the Vfvalue is 1.1 V or lower) further than the Vfvalue (1.1
to 1.2 V) when not forming an n-type contact layer, as in
heretofore known example 1. The effect wherein the resis-
tance is lower than the Vfvalue of heretofore known example
1 in this way is referred to as a first effect of the invention.
Also, when the dose of the back surface phosphorus ion
implantation 19 is 1.25x10"#/cm? or more, 2.5x10"**/cm? or
less, an effect of a noticeable reduction in resistance is exhib-
ited in that it is possible to further reduce the above-men-
tioned VT value by 0.1 V or more (the Vf value is 1.0 V or
lower). This resistance reduction effect is referred to as a
second effect. Also, the range of the dose of the back surface
phosphorus ion implantation 19 wherein it is possible in this
way to reduce the Vfvalue by 0.1 V or more compared to the
VT value of heretofore known example 1, in which the back
surface phosphorus ion implantation 19 is not carried out, is
referred to as region B.

Furthermore, when the dose of the back surface phospho-
rus ion implantation 19 is 1.6x10**/cm? or more, 2.3x10'%/
cm? or less (a dose in the vicinity of the middle of region B),
it is possible, even though the heat treatment is carried out at
low temperature, to reduce the Vf value to the same region
(the Vivalueisless than 1.0V, or 0.9V or less) as the Vfvalue
of heretofore known example 2 wherein the n-type contact
layer is formed by a high temperature heat treatment (800° C.
or more). Furthermore, provided that variation in the dose of
the back surface phosphorus ion implantation 19 is within the
above-mentioned range, the Vf value is within a range from a
minimum value (0.85 V) to in the region of 5% from the
minimum value, hardly varying, because of which the range
of the dose of the back surface phosphorus ion implantation
19 is such that the VT characteristics are stable. An effect
wherein stable resistance reduction can be realized in this way
is a peculiar effect that is not obtained with a heretofore
known configuration, and this effect is referred to as a third
effect. Also, the range of the dose of the back surface phos-
phorus ion implantation 19 exhibiting the third effect, that is,
the dose within a range wherein the Vfvalue is less than 1.0V,
and furthermore, exhibits a deviation between the minimum
value (0.85 V) and in the region of 5% from the minimum
value, is referred to as an optimum dose (the portion enclosed
by the dotted line rectangle in FIG. 3).

To summarize the heretofore described operational effects
of the invention, it is confirmed that the three operational
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effects of (i) to (iii) below are obtained. (i) The doses of the
back surface phosphorus ion implantation 19 exhibiting the
first to third effects, rather than being so-called high doses of
1.0x10**/cm? or more, are doses sufficiently lower than that.
(1) The back surface contact heat treatment is a heat treatment
at a so-called low temperature (500° C. or lower) of 380° C.
(iii) Even the cases in (i) and (ii) above exhibit a V{ value
equivalent to the value of Example 2 wherein a high tempera-
ture (800° C. or higher) heat treatment is carried out. As a
heretofore known solid-phase epitaxial growth is such that
the phosphorus dose is 1.0x10**/cm? or more, the dose of the
back surface phosphorus ion implantation 19 is a dose nearly
ten times smaller than in the case of the heretofore known
solid-phase epitaxial growth. The operational effects indi-
cated in (i) to (iii) above are unique phenomena caused by an
ion implantation of phosphorus into a surface (the back sur-
face is indicated in the invention) of an antimony-doped sub-
strate, and are peculiar operational effects that are not
obtained from heretofore known technology. It is supposed
that the physical reason the peculiar operational effects indi-
cated in (i) to (iii) above are obtained in this way is the
interaction between the dopant (herein, phosphorus atoms) of
the n-type contact layer 4, the high concentration substrate
dopant (herein, antimony atoms), and the remaining lattice
defects (mainly point defects).

Example 2

Next, a description will be given of the relationship
between the forward voltage characteristics of the semicon-
ductor device according to the invention and the temperature
of the back surface contact heat treatment. FIG. 4 is a char-
acteristic diagram showing the relationship between the for-
ward voltage characteristics of the semiconductor device and
the back surface contact heat treatment temperature accord-
ing to Example 2 of the invention. FIG. 4 shows the relation-
ship between the dose of the back surface phosphorus ion
implantation 19 and the diode Vf characteristics at four kinds
of'back surface contact heat treatment temperature (350° C.,
380° C., 420° C., and 470° C.), including that of Example 1
(380° C.).

From the results shown in FIG. 4, it is confirmed that when
the heat treatment temperature is 350° C., the range of the
dose of the back surface phosphorus ion implantation 19
exhibiting the first effect for ensuring the previously
described kind of ohmic contact is a range of 5.0x10"%/cm? or
more, 1.8x10**/cm? or less. Furthermore, it is confirmed that
the range of the dose of the back surface phosphorus ion
implantation 19 exhibiting the second effect is a range of
7.0x10"%/cm? or more, 1.7x10'*/cm? or less. Furthermore, it
is confirmed that the range of the dose of the back surface
phosphorus ion implantation 19 exhibiting the third effect,
that is, the optimum dose, is a range of 1.0x10"%/cm? or more.
1.5%10"*/cm? or less.

It is confirmed that when the heat treatment temperature is
420° C., the range of the dose of the back surface phosphorus
ion implantation 19 exhibiting the first effect is a range of
1.7x10"*/cm? or more, 3.7x10"*/cm? or less. Furthermore, it
is confirmed that the range of the dose of the back surface
phosphorus ion implantation 19 exhibiting the second effect
is a range of 2.1x10™*/cm® or more, 3.4x10"%cm? or less.
Furthermore, it is confirmed that the optimum dose of the
back surface phosphorus ion implantation 19 exhibiting the
third effect is in a range of 2.4x10'*cm? or more, 3.1x10"%/
cm? or less.

It is confirmed that when the heat treatment temperature is
470° C., the range of the dose of the back surface phosphorus
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ion implantation 19 exhibiting the first effect is a range of
2.4%x10**/cm? or more, 4.8x10'%/cm? or less. Furthermore, it
is confirmed that the range of the dose of the back surface
phosphorus ion implantation 19 exhibiting the second effect
is a range of 2.8x10%*cm? or more, 4.7x10'*cm? or less.
Furthermore, it is confirmed that the optimum dose of the
back surface phosphorus ion implantation 19 exhibiting the
third effect is in a range of 3.3x10"*/cm? or more, 4.4x10%
cm? or less.

Also, although not shown, it is confirmed that when the
heat treatment temperature is 340° C., the range of the dose of
the back surface phosphorus ion implantation 19 exhibiting
the first effect is a range of 4.0x10"*/cm? or more, 1.6x10"%/
cm? or less. Furthermore, it is confirmed that the range of the
dose of the back surface phosphorus ion implantation 19
exhibiting the second effect is a range of 6.0x10"*/cm? or
more, 1.4x10'*/cm? or less. Furthermore, it is confirmed that
the optimum dose of the back surface phosphorus ion implan-
tation 19 exhibiting the third effect is in a range of 9.0x10'3/
cm? or more, 1.4x10'%cm? or less.

In the same way, although not shown, it is confirmed that
when the heat treatment temperature is 500° C., the range of
the dose of the back surface phosphorus ion implantation 19
exhibiting the first effect is a range of 3.2x10**/cm? or more,
5.6x10™*/cm? or less. Furthermore, it is confirmed that the
range of the dose of the back surface phosphorus ion implan-
tation 19 exhibiting the second effect is a range of 3.6x10"%/
cm? or more, 5.3x10'*/cm? or less. Furthermore, it is con-
firmed that the optimum dose of the back surface phosphorus
ion implantation 19 exhibiting the third effect is in a range of
4.1x10"*/cm? or more, 5.0x10"%/cm? or less.

In this way, it is confirmed that the higher the temperature
of the back surface contact heat treatment, the higher the
optimum dose of the back surface phosphorus ion implanta-
tion 19 becomes, and the range of the dose widens. Also, it is
confirmed that at a heat treatment temperature of 380° C. or
more, the minimum value of the VT value is a practically
constant value, regardless of the heat treatment temperature.
It is supposed that this is because of the operational effects
indicated in (i) to (iii) described in Example 1, and that the
reason the operational effects indicated in (i) to (iii) are
obtained is also the same as that in Example 1.

From the heretofore described results, and taking machine
differences, and the like, of ion implantation devices and heat
treatment devices into consideration too, there is obtained the
first effect of the invention, wherein the VT value is smaller
than the Vfvalue (1.1 V) when not forming an n-type contact
layer that ensures ohmic contact on the back surface side ofan
antimony-doped substrate (heretofore known example 1). In
the same way, there is obtained the second effect of the
invention, wherein the Vf value is 1.0 V or smaller, which is
0.1 V ormore smaller than 1.1 to 1.2 V. Also, there is obtained
the third effect of the invention wherein, in response to varia-
tion in the dose of the back surface phosphorus ion implan-
tation 19, the Vfvalue is less than 1.0V, and furthermore, falls
within a range from the minimum value of the Vfvalue to 5%
from the minimum value.

Consequently, the lower limit of the dose of the back sur-
face phosphorus ion implantation 19 with which the first
effect is achieved is the 4.0x10"*/cm® or more when the heat
treatment temperature of the back surface contact heat treat-
ment is 340° C. The upper limit of the dose of the back surface
phosphorus ion implantation 19 with which the first effect is
achieved is the 5.6x10'*/cm? or less when the heat treatment
temperature of the back surface contact heat treatment is 500°
C. Also, the lower limit of the dose of the back surface
phosphorus ion implantation 19 with which the second effect
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is achieved is the 6.0x10"*/cm® or more when the heat treat-
ment temperature of the back surface contactheat treatment is
340° C. The upper limit of the dose of the back surface
phosphorus ion implantation 19 with which the second effect
is achieved is the 5.3x10'*/cm? or less when the heat treat-
ment temperature of the back surface contactheat treatment is
500° C. The lower limit of the dose of the back surface
phosphorus ion implantation 19 with which the third effect is
achieved is the 9.0x10*/cm? or more when the heat treatment
temperature of the back surface contact heat treatment is 340°
C. The upper limit of the dose of the back surface phosphorus
ion implantation 19 with which the third effect is achieved is
the 5.0x10"*/cm? or less when the heat treatment temperature
of the back surface contact heat treatment is 500° C.

Further still, in the range of the dose of the back surface
phosphorus ion implantation 19 with which the third effect is
achieved, it is more preferable that the heat treatment tem-
perature is 380° C. or more, 500° C. or less, and that the dose
of the back surface phosphorus ion implantation 19 is 1.6x
10'*cm? or more, 5.0x10"*/cm? or less, with the condition
that the Vf value is 0.9 V or less with practically no depen-
dence on the temperature of the back surface contact heat
treatment, and falls within a range from the minimum value to
5% from the minimum value.

Example 3

Next, a description will be given of the relationship
between the optimum dose of the back surface phosphorus
ion implantation 19 with the semiconductor device manufac-
turing method according to the invention and the temperature
of the back surface contact heat treatment. FIG. 5 is a char-
acteristic diagram showing the relationship between the back
surface phosphorus ion implantation dose with the semicon-
ductor device manufacturing method and the back surface
contact heat treatment temperature according to Example 3 of
the invention. FIG. 5 shows as a linear function the relation-
ship of the optimum doses of the back surface phosphorus ion
implantation 19 (the optimum dose, shown as the optimum
phosphorus ion implantation dose in FIG. 5) when the two
back surface contact heat treatment temperatures 340° C. and
500° C. (FIG. 5 shows the heat treatment temperature after the
phosphorus ion implantation) are added to the four kinds of
back surface contact heat treatment temperature shown in
FIG. 4 and described in Example 2. The vertical error bar at
each of the six back surface contact heat treatment tempera-
tures is the optimum dose (the range thereof) of the back
surface phosphorus ion implantation 19 for each back surface
contact heat treatment temperature. A fitting function
wherein each point is fit using a linear function is shown as a
solid line for the dose of the back surface phosphorus ion
implantation 19 when the Vf value is the minimum at each of
the six back surface contact heat treatment temperatures. The
broken lines are lines passing through £10% of the y value of
the fitting function.

From the results shown in FIG. 5, it can be seen that the
optimum doses of the back surface phosphorus ion implan-
tation 19 sit neatly on a straight line. The function expression
when fitting using a linear function, taking the heat treatment
temperature after the back surface phosphorus ion implanta-
tion 19 to be x (° C.) and the fitting value of the dose of the
back surface phosphorus ion implantation 19 to be y (/em?), is
expressed by Equation (A) below

y=-5.7x10"442.012x10% (A)

The coefficient of determination is 0.99. That is, it is quite
possible to express the optimum dose of the back surface



US 9,059,325 B2

15

phosphorus ionimplantation 19 using Equation (A) as long as
the back surface contact heat treatment temperature is within
the range 0f 340° C. or more, 500° C. or less. Furthermore, the
optimum dose (the range thereof) of the back surface phos-
phorus ion implantation 19 shown by the vertical error bar
coincides well with the range of £10% of the y value of the
fitting function shown in Equation (A), and deviation is at
most one-half, even at a back surface contact heat treatment
temperature of less than 380° C. Consequently, provided that
the dose of the back surface phosphorus ion implantation 19
is set within the range of +10% of the y value of the fitting
function shown in Equation (A) (0.9y=x<1.1y), it is possible
to achieve the third effect without problem with any back
surface contact heat treatment temperature x in the range of
340° C. or more, 500° C. or less. Also, in the same way, it goes
without saying that, provided that the dose of the back surface
phosphorus ion implantation 19 is set within the range of
+10% of the y value of'the fitting function shown in Equation
(A), the second effect of the invention is achieved without any
problem at all with any back surface contact heat treatment
temperature in the whole range 0 340° C. or more, 500° C. or
less.

The temperature of the back surface contact heat treatment
may be appropriately changed in accordance with the surface
device structure. For example, when applying the invention
by reducing the thickness of the wafer after forming a poly-
imide, which is an organic material, as the passivation film 20
on the anode electrode 5 side of the wafer front surface, the
heat treatment temperature is 400° C. or less. Preferably, a
back surface contact heat treatment temperature lower than
the curing (baking) temperature of the polyimide is good. The
reason is as follows. A polyimide is such that, after a pattern
formation, imidization is carried out by carrying out curing at,
generally, 320° C. to 400° C. When imidizing by curing,
moisture, organic solvents, and the like, contained in the film
rise as gas along with a rise in the curing temperature. Con-
sequently, when carrying out the back surface contact heat
treatment after the back surface phosphorus ion implantation
19 at a temperature higher than the polyimide baking tem-
perature, more organic gas is emitted from inside the polyim-
ide film and adheres to (contaminates) the n-type cathode
layer 1, because of which the contact between the n-type
contact layer 4 and cathode electrode 6 deteriorates.

Conversely, when the back surface contact heat treatment
temperature after the back surface phosphorus ion implanta-
tion 19 is lower than the polyimide curing temperature, the
organic gas is exhausted during the curing, because of which
hardly any organic gas is generated by the back surface con-
tact heat treatment after the back surface phosphorus ion
implantation 19, and there is no contamination of the n-type
cathode layer 1. Because of this, although just one example, it
is good to form the n-type contact layer 4 in the following
way. Firstly, when the passivation film 20 is a polyimide,
polyimide curing is carried out at 400° C. Next, after all of the
front surface structure has been fabricated, the thickness of
the wafer is reduced from the back side to a predetermined
wafer thickness (the grinding and etching 18). Then, the back
surface phosphorus ion implantation 19 is carried out to a
dose of 2.0x10**/cm? into the ground back surface of the
wafer, and the back surface contact heat treatment is carried
out at 380° C. Subsequently, the cathode electrode 6 is depos-
ited on the wafer back surface. By so doing, ohmic contact of
the n-type contact layer 4 and cathode electrode 6 is obtained,
and it is possible to obtain appropriate device characteristics.

For example, when there is no passivation film 20 on the
front surface, it is possible to raise the back surface contact
heat treatment temperature after the back surface phosphorus
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ion implantation 19 to in the region of 500° C. When using a
back surface contact heat treatment temperature higher than
500° C., the aluminum used in the front surface anode elec-
trode 5 and the silicon of the contact surface interdiffuse,
causing an Si deposit that causes an increase in the contact
resistance on the anode side. Because of this, it is preferable
that a temperature in the region of 500° C. is the upper limit of
the back surface contact heat treatment temperature. Accord-
ing to FIG. 5, when the back surface contact heat treatment
temperature is in the region of 500° C., the optimum dose of
the back surface phosphorus ion implantation 19 is in the
region of 4.5x10"%/cm?.

Also, for example, when the passivation film 20 is of an Si
series, such as a silicon nitride (SiN) film or a silicon oxide
(Si0,) film, it is possible for the back surface contact heat
treatment temperature after the back surface phosphorus ion
implantation 19 to be in a wide range of in the region 0 340°
C. to 450° C., although the situation depends upon the film
forming methods or the conditions thereof. In the case of an Si
series passivation film 20, the aluminum of the anode elec-
trode 5 and the passivation film 20 react when carrying out the
back surface contact heat treatment at a temperature of 460°
C. or higher, and leak current defects increase, which has an
effect on reliability characteristics. Because of this, it is pref-
erable that the upper limit of the back surface contact heat
treatment temperature is in the region of 450° C.

Example 4

Verification will be made of the carrier concentration of the
n-type contact layer 4 of the semiconductor device according
to the invention. The carrier concentration of the n-type con-
tact layer 4 can be evaluated by measuring the doping con-
centration distribution of the n-type contact layer 4 using a
heretofore known spreading resistance (SR) measuring
instrument. FIG. 6 is a characteristic diagram showing the
back surface carrier concentration distribution of the semi-
conductor device according to Example 4 of the invention.
FIG. 6 shows the carrier concentration (commonly called
doping concentration) distribution according to SR measure-
ment when the back surface contact heat treatment is carried
out after the back surface phosphorus ion implantation 19 is
carried out into the surface of the n-type cathode layer 1 (the
back surface of the substrate) to the optimum dose for each
heat treatment temperature of the back surface contact heat
treatment.

FIG. 6(a) is the carrier concentration distribution when the
dose of the back surface phosphorus ion implantation 19 is
2.0x10"*/cm?, and the heat treatment temperature of the back
surface contact heat treatment is 380° C. FIG. 6(b) is the
carrier concentration distribution when the dose of the back
surface phosphorus ion implantation 19 is 2.7x10'*cm?, and
the heat treatment temperature of the back surface contact
heat treatment is 420° C. Solid State Measurements, Inc.’s
SSM-2000 is used for the SR measurement, a sample is
mounted on a stand of a predetermined angle, and the spread-
ing resistance of a polished surface on which an oblique
polishing has been carried out is measured. The acceleration
energy of the back surface phosphorus ion implantation 19 is
40 keV. The conditions are that the dose of the back surface
phosphorus ion implantation 19 is the optimum dose in each
case, and the VT values of the samples shown in FIGS. 6(a)
and 6() are 0.85 V and 0.83 V, which are the respective
minimum values. Also, the Vfvalues are in the same region as
the value (0.8 V) of the high temperature heat treatment of
heretofore known example 2.
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In the case of FIG. 6(a), the carrier concentration of a
region (that is, a side inside the n-type cathode layer 1, which
is the substrate, heading toward the substrate front surface)
whose depth is greater than 0.2 um from the substrate back
surface (the interface of the cathode electrode 6 and n-type
contact layer 4) indicates the impurity concentration (1.3x
10*%/cm?) of the antimony-doped substrate. Meanwhile, in a
region whose depth is less than 0.2 um and greater than
approximately 0.03 um from the substrate back surface, the
carrier concentration is lower than the impurity concentration
of the antimony-doped substrate. Further, in a region nearest
the surface whose depth is less than 0.02 pm from the sub-
strate back surface, the carrier concentration is higher than the
impurity concentration of the antimony-doped substrate.

Also, in the case of FIG. 6(b), in a region whose depth is
approximately 0.05 pm to 0.3 pm from the substrate back
surface, the carrier concentration is lower than the impurity
concentration of the antimony-doped substrate. In a region
whose depth is less than 0.05 pm and greater than 0.01 pm
from the substrate back surface, the carrier concentration is
higher than the impurity concentration of the antimony-
doped substrate. Then, furthermore, in a region nearest the
surface whose depth is less than 0.01 pm from the substrate
back surface, the carrier concentration is again lower than the
impurity concentration of the antimony-doped substrate.

When taking into consideration that the range of the back
surface phosphorus ion implantation 19 with the above-men-
tioned acceleration energy is 0.05 to 0.06 pum, the n-type
contact layer 4 is formed to a depth of in the region 0f 0.1 to
0.2 um from the substrate back surface (the surface of the
n-type cathode layer 1). However, the carrier concentrations
of'the SR measurements in the vicinity of the phosphorus ion
range are lower than the antimony concentration of the anti-
mony-doped substrate. Further, the maximum concentration
of'the n-type contact layer 4 carrier concentration distribution
according to the two conditions of SR measurement is in the
same region as that of the antimony-doped substrate, or in a
region a little higher.

The carrier concentration distribution is a distribution that
clearly demonstrates (i) to (iii) above, which are the previ-
ously described characteristics of the invention. That is, as the
heat treatment is carried out at a low temperature (500° C. or
lower), the crystal lattices in the vicinity of the phosphorus
ion range are not sufficiently recrystallized, and lattice
defects (point defects, dislocation, and the like) remain. As
lattice defects remain, the amount of carrier movement (in
this case, the amount of electron movement) in the range
vicinity decreases beyond an ideal value. Meanwhile, a con-
version formula that converts the spreading resistance into
carrier concentration is embedded in conversion software, or
the like, incorporated in the measuring instrument, but the
value of an ideal amount of movement is normally used in the
conversion formula, because of which, when the actual
amount of movement decreases, the impurity concentration is
calculated to be that amount lower. That is, the carrier con-
centrations in the vicinity of the range in FIGS. 6(a) and 6(5)
are all affected by the decrease in the amount of movement.
Consequently, by evaluating the carrier concentration distri-
bution of the n-type contact layer 4 of the semiconductor
device according to the invention using the SR measuring
instrument, the kinds of carrier concentration distribution of
FIG. 6 are obtained.

Thekinds of carrier concentration distribution of FIG. 6 are
not obtained unless the maximum actual activated concentra-
tion (the true doping concentration) of the n-type contact
layer 4 is at least higher than 1.0x10'#/cm?. The reason is that
the maximum value of the carrier concentration obtained by
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SR measurement is higher than the antimony concentration of
the antimony-doped substrate. That is, as the actual activated
concentration of the n-type contact layer 4 is higher than the
antimony concentration of the antimony-doped substrate,
there is good, low-resistance ohmic contact between the
n-type cathode layer 1 and cathode electrode 6. In this case,
the carrier concentration of the n-type contact layer 4
obtained by SR measurement must be at least higher than
1.0x10"%/cm?.

The carrier concentration distribution of the n-type contact
layer 4 is commonly a Gaussian distribution. Provisionally
taking the phosphorus electrical activation rate to be 100%
when the dose of the back surface phosphorus ion implanta-
tion 19 is 5.0x10'*/cm?, the maximum concentration of the
n-type contact layer 4 is in the region of 5.0x10'%/cm’.
Because of this, when the n-type contact layer 4 is formed by
the back surface contact heat treatment temperature and the
optimum back surface phosphorus ion implantation 19 dose
(the optimum dose) for the heat treatment temperature, it is
sufficient that the maximum concentration of the n-type con-
tact layer 4 carrier concentration distribution is at most 5.0x
10"°/cm>. Herein, the activation rate, referring to the electri-
cally activated true doping concentration distribution, is
defined as the value of the integrated concentration, wherein
the true doping concentration across a region (in the region of
010 0.3 um) of the n-type contact layer 4 is integrated, divided
by the implantation dose. The true doping concentration can
be obtained by a heretofore known C-V (capacitance-voltage)
measurement. As the activation rate does not actually reach
100%, the maximum concentration ofthe n-type contact layer
4 distribution is lower than 5.0x10**/cm>. Tt is confirmed
from verification results omitted from the drawing that the
activation rate is in the region of 30% or lower with back
surface contact heat treatment at a low temperature. Because
of'this, it is preferable that the maximum concentration of the
n-type contact layer 4 carrier concentration distribution
obtained by SR measurement is in the region of 1.0x10**/cm>
or lower.

Meanwhile, according to the three characteristics of the
invention, the amount of carrier movement decreases owing
to lattice defects remaining, as previously described. How-
ever, provided that the maximum concentration of the n-type
contact layer 4 carrier concentration distribution is at least
higher than 1.0x10'®/cm?®, which is the antimony concentra-
tion of the antimony-doped substrate, the obtaining of good,
low-resistance ohmic contact between the n-type contact
layer 4 and cathode electrode 6 is as in the previously
described Example 4. Furthermore, it is preferable that the
maximum concentration of the n-type contact layer 4 carrier
concentration distribution is higher than 3.0x10'%/cm?, as
this is definitely higher than the antimony concentration of the
antimony-doped substrate.

Also, it is preferable that the depth of the n-type contact
layer 4 is such that the position at which the carrier concen-
tration of the n-type contact layer 4 coincides with the anti-
mony concentration of the antimony-doped substrate (the
n-type cathode layer 1) is shallower than 0.5 um, as it is
possible for the carrier concentration to be at a maximum in
the vicinity of'the outermost layer in contact with the cathode
electrode 6. More preferably still, it is good when the depth of
the n-type contact layer 4 is less than 0.3 pm.

Example 5
Next, it is good when the temperature maintaining time of

the back surface contact heat treatment after the back surface
phosphorus ion implantation 19 lasts for 30 minutes or more.
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FIG. 7 is a characteristic diagram showing the relationship
between the forward voltage characteristics of the semicon-
ductor device and the back surface contact heat treatment
time according to Example 5 of the invention. From the
results shown in FIG. 7, although there is some difference
depending on the back surface contact heat treatment tem-
perature, it is confirmed that the diode Vf value is 1.0 V or
higher for a back surface contact heat treatment time of less
than 30 minutes and, after decreasing considerably from 30 to
60 minutes of the back surface contact heat treatment time,
barely changes at all for the back surface contact heat treat-
ment time after 60 minutes (1 hour). When the back surface
contact heat treatment time is less than 30 minutes, it is
supposed that the activation of the phosphorus impurity
implanted in the back surface phosphorus ion implantation 19
is insufficient. Consequently, it is preferable that the back
surface contact heat treatment time after the back surface
phosphorus ion implantation 19 is 30 minutes or more, and
more preferably still, it is good when it is one hour or more.

According to Embodiment 1, as heretofore described, it is
possible, by employing an n-type contact layer having the
characteristics of (i) to (iii) above, for the contact between a
first conductivity type contact layer and first electrode to be a
low-resistance ohmic contact equivalent to that when carry-
ing out heat treatment at a high temperature (800° C. or
higher), even when carrying out heat treatment on an ion
implanted first conductivity type impurity at a low tempera-
ture of 500° C. or lower.

Also, according to the invention, it is possible to bring the
n-type contact layer and cathode electrode into ohmic contact
with a back surface contact heat treatment at a low tempera-
ture of 500° C. or lower, because of which, it is possible to
form a front surface element structure on the front surface of
the wafer before reducing the thickness by grinding the back
surface of the wafer. Because of this, it is possible to reduce
the number of processing steps after reducing the thickness of
the wafer, and thus possible to reduce mechanical stress
exerted by a wafer chuck, or the like, during the manufactur-
ing process. Consequently, it is possible to prevent wafer
cracking or scratching from occurring. Also, as it is possible
to lower the heat treatment temperature during the manufac-
turing process, it is possible to reduce wafer warpage.

According to Embodiment 1, it is possible to obtain a good
ohmic contact between the n-type contact layer and cathode
electrode even when using an antimony-doped substrate,
because of which, it is no longer necessary to use a substrate
doped with a high concentration of arsenic formed using
arsenic, which has a higher solid solubility than antimony.
Because of this, it is possible to avoid problems that occur
when using an arsenic-doped substrate.

Embodiment 2

A description will be given of a semiconductor device
according to Embodiment 2, with an insulated gate field-
effect transistor (MOSFET) as an example. FIG. 8 is a sec-
tional view showing a main portion of the semiconductor
device according to Embodiment 2 of the invention. FIG. 8
shows an example wherein the n-type contact layer 4 of the
semiconductor device according to the invention is applied to
a vertical insulated gate field-effect transistor (MOSFET).
That is, a difference in the semiconductor device according to
Embodiment 2 from the semiconductor device (diode)
according to Embodiment 1 is that a MOS gate (an insulated
gate formed of a metal, an oxide film, and a semiconductor)
structure is formed on the surface of the n™ type drift layer 2.
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As the MOS gate structure may be a heretofore known struc-
ture, it is sufficient that it is, for example, the structure shown
in FIG. 8.

Specifically, a p-type base layer 13 is selectively formed in
a surface (the surface on the side opposite to an n-type drain
layer 25 side) of the n™ type drift layer 2. An n-type source
layer 14 is selectively formed inside the p-type base layer 13.
Also, a p-type contact layer 15 may be formed inside the
p-type base layer 13 in order to reduce the contact resistance
with a source electrode 21. The n-type source layer 14, p-type
base layer 13, and n* type drift layer 2 are adjacent to each
other in the silicon substrate surface. A gate electrode 16 is
formed across a gate oxide film (dielectric) 17 on a portion of
the surface of the p-type base layer 13 sandwiched by the
n-type source layer 14 and n~ type drift layer 2.

The gate electrode 16 is isolated from the source electrode
21 across the interlayer dielectric 7. The source electrode 21
is connected to the p-type base layer 13 and n-type source
layer 14. Meanwhile, the n-type contact layer 4 having the
characteristics of (i) to (iii) above is formed on the back
surface of the silicon substrate (n-type drain layer 25) formed
by doping with antimony, in the same way as in Embodiment
1. Further, a drain electrode 22 is formed so as to be in contact
with the n-type contact layer 4. Regarding a manufacturing
method of this kind of MOSFET according to Embodiment 2,
it is sufficient that the MOS gate structure is formed when
forming the front surface element structure with the diode
manufacturing method according to Embodiment 1.

A planar gate MOSFET is shown in FIG. 8, but a heretofore
known trench gate MOSFET may also be used.

According to Embodiment 2, as heretofore described, the
operational effects of (i) to (iii) above being achieved in the
same way as in Embodiment 1 by applying the invention to a
MOSFET and providing the n-type contact layer 4 having the
characteristics of (i) to (iii) above is exactly the same as
Embodiment 1. That is, according to Embodiment 2, it is
possible to realize a low-resistance ohmic contact between
the n-type contact layer 4 and drain electrode 22.

Embodiment 3

A description will be given of a semiconductor device
according to Embodiment 3. The semiconductor device
(MOSFET) according to Embodiment 2 may also be applied
to an intelligent power switch (IPS). An IPS is a switching
element wherein, as well as the vertical MOSFET according
to Embodiment 2 shown in FIG. 8 and a heretofore known
edge termination withstand structure, a control CMOS
(complementary MOS) circuit, a level shift circuit, a separa-
tion region that separates inter-circuit potential, and the like,
are included on the surface of the same n™ type drift layer 2.
By the n-type contact layer 4 having the characteristics of (i)
to (iil) above of the semiconductor device according to the
invention being formed on the back surface of the silicon
substrate (the n-type drain layer 25) of the IPS, it is possible
to realize a low-resistance ohmic contact between the n-type
contact layer 4 and drain electrode 22 in the same way as in
Embodiment 2.

According to Embodiment 3, as heretofore described, it is
possible to obtain the same effects as in Embodiments 1 and
2.

Heretofore, a description of the invention has been given
with a diode, a MOSFET, and an IPS as examples but, not
being limited to the heretofore described embodiments, the
invention can be applied to various configurations of device
wherein the electrical contact between a semiconductor layer
and a metal electrode is an ohmic contact. Also, although
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phosphorus is ion implanted into the back surface of an anti-
mony-doped substrate (a back surface phosphorus ion
implantation) in order to form an n-type contact layer on the
back surface of the antimony-doped substrate in each
embodiment, an n-type impurity other than phosphorus may
beused as the dopant used in the ion implantation. Also, a first
conductivity type is taken to be an n-type and a second con-
ductivity type is taken to be a p-type in each embodiment, but
the invention is established in the same way when the first
conductivity type is a p-type and the second conductivity type
an n-type.
As heretofore described, the semiconductor device and
semiconductor device manufacturing method according to
the invention are useful in a power semiconductor device used
in a power conversion device such as a power circuit or motor
drive inverter.
What is claimed is:
1. A semiconductor device comprising:
a first conductivity type semiconductor substrate, wherein
a dopant of the semiconductor substrate is antimony;

afirst conductivity type contact layer, provided on the back
surface of the semiconductor substrate, with a concen-
tration higher than that of the semiconductor substrate;
and

a first electrode in contact with the contact layer, wherein

the contact layer is doped with phosphorus and includes

lattice defects,

the maximum carrier concentration of the contact layer is

greater than 1.0x10'%/cm> and less than 5.0x10"%/cm?,
and

the diffusion depth of the contact layer from the interface

with the first electrode into the semiconductor substrate
is 0.5 um or less;

the semiconductor device further comprising:

a first conductivity type drift layer, provided on the front

surface of the semiconductor substrate, with a concen-
tration lower than that of the semiconductor substrate,

10

15

20

25

30

35

22

wherein the total of the thickness of the drift layer and
the thickness of the semiconductor substrate is less than
300 pm;

a second conductivity type base region provided in a sur-
face layer on the side of the drift layer opposite to that of
the semiconductor substrate; and

a second electrode electrically connected to the base
region.

2. The semiconductor device according to claim 1, wherein
the maximum carrier concentration of the contact layer is
greater than 3.0x10*%/cm® and less than 1.0x10'%/cm?>.

3. The semiconductor device according to claim 1, wherein
the semiconductor substrate is doped with antimony, and the
concentration of antimony in the semiconductor substrate is
1.0x10'"%/cm? or more, 3.0x10*%/cm? or less.

4. The semiconductor device according to claim 1, wherein
titanium is included in a portion of the first electrode on the
side in contact with the contact layer.

5. The semiconductor device according to claim 1, further
comprising:

a first conductivity type source region, provided inside the
base region, with a concentration higher than that of the
drift layer; and

a gate electrode provided across a dielectric on a portion of
the surface of the drift layer sandwiched by the source
region and base region.

6. The semiconductor device according to claim 1, wherein
the contact layer includes both a region of higher concentra-
tion than that of the semiconductor substrate, and a region of
lower concentration region than that of the semiconductor
substrate.

7. The semiconductor device according to claim 1, wherein
the semiconductor substrate includes silicon.

8. The semiconductor device according to claim 1, wherein
the contact layer includes antimony.
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